Rhodobacter capsulatus is able to grow with N 2 as the sole nitrogen source using either a molybdenum-dependent or a molybdenum-free iron-only nitrogenase whose expression is strictly inhibited by ammonium. Disruption of the fdxD gene, which is located directly upstream of the Mo-nitrogenase genes, nifHDK, abolished diazotrophic growth via Mo-nitrogenase at oxygen concentrations still tolerated by the wild type, thus demonstrating the importance of FdxD under semiaerobic conditions. In contrast, FdxD was not beneficial for diazotrophic growth depending on Fe-nitrogenase. These findings suggest that the 2Fe2S ferredoxin FdxD specifically supports the Mo-nitrogenase system, probably by protecting Mo-nitrogenase against oxygen, as previously shown for its Azotobacter vinelandii counterpart, FeSII. Expression of fdxD occurred under nitrogen-fixing conditions, but not in the presence of ammonium. Expression of fdxD strictly required NifA1 and NifA2, the transcriptional activators of the Mo-nitrogenase genes, but not AnfA, the transcriptional activator of the Fe-nitrogenase genes. Expression of the fdxD and nifH genes, as well as the FdxD and NifH protein levels, increased with increasing molybdate concentrations. Molybdate induction of fdxD was independent of the molybdate-sensing regulators MopA and MopB, which repress anfA transcription at micromolar molybdate concentrations. In this report, we demonstrate the physiological relevance of an fesII-like gene, fdxD, and show that the cellular nitrogen and molybdenum statuses are integrated to control its expression.
B
iological nitrogen fixation, the reduction of atmospheric dinitrogen (N 2 ) to ammonia (NH 3 ), is a central process in the global nitrogen cycle. Only diazotrophic bacteria and archaea reduce N 2 in a reaction catalyzed by an enzyme called nitrogenase containing a unique iron-molybdenum cofactor (1) . In addition to Mo-dependent nitrogenase, some diazotrophs synthesize alternative Mo-independent nitrogenases, the V-and Fe-nitrogenases, containing either an iron-vanadium or an iron-only cofactor, respectively (2) . Mo-nitrogenase exhibits higher specific N 2 -reducing activity than Mo-free nitrogenases, and thus, Mo-nitrogenase is the preferred enzyme, as long as sufficient concentrations of molybdate are available (3, 4) . When molybdate, the only bioavailable form of molybdenum, becomes limiting in the environment, bacteria synthesize high-affinity ModABC transporters to import molybdate against the concentration gradient (5). Expression of Mo-, V-, and Fe-nitrogenase genes is inhibited in the presence of ammonium in most diazotrophs, because N 2 reduction is a highly energy-requiring process.
Exposure to oxygen irreversibly inactivates the Mo-, V-, and Fe-nitrogenases (6) (7) (8) . To avoid oxygen inactivation, diazotrophs have evolved different strategies. Some species synthesize nitrogenase exclusively under anaerobic conditions. Filamentous cyanobacteria differentiate specialized cells called heterocysts with thickened cell walls to limit oxygen entry. The strictly aerobic bacterium Azotobacter vinelandii protects nitrogenase by a mechanism termed "respiratory protection," which depends on cytochrome bd oxidase, CydAB (9) . In addition, A. vinelandii synthesizes a 2Fe2S ferredoxin, FeSII, or Shetna protein, which mediates "conformational protection" by interaction with Mo-nitrogenase (10) . Similar conformational protection by an FeSII protein has been described for Gluconacetobacter diazotrophicus (11) .
An A. vinelandii strain lacking FeSII exhibits wild-type-like diazotrophic growth properties in air, suggesting that strict aerobes mainly rely on respiratory protection of nitrogenase (10) . In this study, we investigated the function and regulation of the fesIIlike gene fdxD in a facultative, anaerobic diazotroph, Rhodobacter capsulatus, which is challenged by ever-changing oxygen tensions.
R. capsulatus is a photosynthetic alphaproteobacterium able to synthesize two nitrogenases, Mo-and Fe-nitrogenase (12) . When ammonium is limiting, the primary nitrogen regulator, NtrC, activates transcription of the nifA1, nifA2, and anfA genes and the mopA-modABC operon (13) (14) (15) (16) . The NifA and AnfA proteins act in concert with the alternative sigma factor RpoN to activate transcription of the Mo-and Fe-nitrogenase genes, nifHDK and anfHDGK, and other nitrogen fixation genes (17) (18) (19) . At micromolar molybdate concentrations, transcription of the anfA gene and the mopA-modABC operon is repressed by two molybdatesensing regulators, MopA and MopB, thus restricting synthesis of the Fe-nitrogenase and the high-affinity molybdate uptake system to molybdate-limiting conditions (16) . In addition, MopA and MopB repress transcription of the morABC genes, which encode a putative ModABC-like transporter of unknown function (20) . Besides its role as a repressor, MopA activates transcription of the so-called mop gene, which codes for a hexameric molybdate-binding protein possibly involved in molybdate storage (21) .
In this study, we identified FdxD as an important player in R. capsulatus nitrogen fixation. In contrast to an A. vinelandii strain lacking FeSII, an R. capsulatus fdxD mutant was severely impaired in diazotrophic growth via Mo-nitrogenase at oxygen concentrations that still permitted growth of the wild type. The R. capsulatus fdxD gene was coordinately expressed with the nifH gene in response to the cellular nitrogen and molybdenum status, underlining the importance of FdxD for the Mo-nitrogenase system. Expression of fdxD solely under nitrogenase-derepressing conditions suggests that FdxD function is highly specific for nitrogen fixation.
MATERIALS AND METHODS
Strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Methods for conjugational plasmid transfer between Escherichia coli S17-1 and R. capsulatus, the selection of mutants, complex growth media, and antibiotic concentrations were previously described (22) (23) (24) . R. capsulatus strains were grown in RCV (Rhodobacter capsulatus V) minimal medium as described previously (25) , except that we omitted molybdate and a fixed-nitrogen source. When required, appropriate concentrations of Na 2 MoO 4 , 10 mM (NH 4 ) 2 SO 4 , or 10 mM L-serine was added. For growth under mixed N 2 -O 2 atmospheres, 3-ml cultures were placed in screw-cap 17-ml Hungate tubes. After flushing the headspace with N 2 , appropriate amounts of O 2 were added with a syringe before the cultures were incubated in the light. Unless otherwise stated, lacZ reporter strains were grown under phototrophic conditions in anaerobic jars in the light, as described previously (22) .
Construction of R. capsulatus mutant strains. Disruption of R. capsulatus genes was achieved by insertion of gentamicin (Gm), kanamycin (Km), and spectinomycin (Sp) cassettes, as described previously (20, 24, 26) . Briefly, the genes of interest were cloned into mobilizable suicide vectors. Subsequently, antibiotic resistance cassettes were inserted into appropriate restriction sites to disrupt the genes. Gm cassettes were used to disrupt fdxD (PstI), nifA1 (BamHI), and rpoN (PstI). Km cassettes were used to disrupt cydA (BamHI) and nifA2 (BamHI). An Sp cassette was used to disrupt nifD (SmaI). The resulting plasmids (listed in Table 1) were conjugationally transferred into R. capsulatus. Selection for Gm, Km, or Sp resistance and loss of the vector-encoded resistance indicated marker rescue by double-recombination events. The identities of putative mutants were verified by PCR (data not shown).
Construction of the fdxD-lacZ reporter plasmid pMF18 and ␤-galactosidase assays. The promoter and the entire coding region (but not the translational stop codon) of fdxD were PCR amplified using the primers 5=-CCGGATCCCCACCTCGCGAAAGGCGG-3= and 5=-CCAAGCT TCGACCGAGCCGCCGGGGGTGCC-3=, which contain BamHI and HindIII restriction sites (underlined), respectively, and genomic DNA of R. capsulatus as a template. After hydrolysis of the PCR product, the 0.9-kbp BamHI-HindIII fragment was cloned into the mobilizable low-copynumber, broad-host-range vector pPHU234. The resulting reporter plasmid, pMF18, carrying a translational (in-frame) fdxD-lacZ fusion was used to examine fdxD expression in R. capsulatus wild-type and mutant strains grown under different conditions. Reporter strains were grown phototrophically until late exponential phase prior to determination of LacZ (␤-galactosidase) activity, as described previously (27) .
Detection of FdxD and NifH by Western analysis. Cell extracts of R. capsulatus strains grown under nitrogenase-derepressing conditions were isolated as described previously (28) . Proteins were separated on 15% SDS-polyacrylamide gels and blotted onto Hybond-C Extra membranes (Amersham, Freiburg, Germany). Detection of FdxD and NifH was performed using antisera raised against R. capsulatus FdxD (the kind gift of Yves Jouanneau) and NifH (Eurogentec, Cologne, Germany) and goat anti-rabbit IgG horseradish peroxidase (HRP) conjugate (Bio-Rad, Munich, Germany). After addition of Luminata Forte Western HRP substrate (Millipore, Billerica, MA), FdxD and NifH were visualized using Amersham Hyperfilm ECL (GE Healthcare, Buckinghamshire, United Kingdom).
RESULTS
FdxD promotes diazotrophic growth via Mo-nitrogenase under semiaerobic conditions. In the past, nitrogenase-dependent growth of R. capsulatus has been extensively studied under anaerobic conditions. Here, we investigated the ability of R. capsulatus to grow diazotrophically in the presence of oxygen and the roles of the FeSII-like ferredoxin FdxD (Rcc00573) and the cytochrome bd oxidase CydAB (Rcc03085-Rcc03084) in protection of the nitrogen fixation process against oxygen. For this purpose, appropriate mutant strains (⌬fdxD, ⌬cydAB, and ⌬fdxD-⌬cydAB) were constructed (see Materials and Methods).
Before analyzing the roles of FdxD and CydAB under N 2 -fixing conditions, we examined the nitrogenase-independent growth of wild-type and mutant strains at different O 2 concentrations in the gas phase (Fig. 1A) . For this purpose, the strains were grown in RCV minimal medium with a fixed nitrogen source, serine, under different N 2 -O 2 gas mixtures (see Materials and Methods). Wildtype and mutants strains grew equally well, even at high oxygen concentrations, demonstrating that disruption of fdxD or cydAB does not cause general growth defects.
To examine the roles of FdxD and CydAB in diazotrophic growth via Mo-nitrogenase at different O 2 concentrations, the strains were cultured essentially as described above but without a fixed-nitrogen source (Fig. 1B) . N 2 -dependent growth observed under these conditions was exclusively mediated by Mo-nitrogenase, since the medium contained 10 M molybdate, which is sufficient to repress Fe-nitrogenase (12) . The wild type grew well at O 2 concentrations ranging from 0 to 15% (Fig. 1B) , while no growth was observed above 15% O 2 in the gas phase (data not shown). Diazotrophic growth of the ⌬cydAB, ⌬fdxD, and ⌬fdxD-⌬cydAB strains was impaired at O 2 concentrations above 12%, 10%, and 7%, respectively (Fig. 1B) , indicating that both FdxD and CydAB promote growth via Mo-nitrogenase under semiaerobic conditions. Diazotrophic growth was most strongly inhibited in the double mutant, showing that the FdxD-and CydAB-mediated mechanisms act in a synergistic manner.
Next, we examined the role of FdxD during Fe-nitrogenasedependent growth at different O 2 concentrations (Fig. 1D) . For this purpose, growth of a mutant lacking Mo-nitrogenase (⌬nifDK) and a nifDK-fdxD double mutant was analyzed as described above. Molybdate was omitted from the medium to allow expression of Fe-nitrogenase. Diazotrophic growth of the ⌬nifDK strain was impaired at oxygen concentrations above 4%, while the wild type grew at all tested oxygen concentrations, indicating that the chemicals used contained trace amounts of molybdate sufficient for Mo-nitrogenase activity. These findings suggest that Fenitrogenase is more susceptible to oxygen than Mo-nitrogenase. The nifDK-fdxD double mutant grew like the ⌬nifDK strain, indicating that FdxD does not support the Fe-nitrogenase system.
Oxygen, nitrogen, and molybdenum control of fdxD expression. Since FdxD promoted growth supported by the molybdenum-dependent nitrogenase (whose expression is inhibited by ammonium) in the presence of oxygen, we asked whether fdxD expression was regulated by oxygen, ammonium, or molybdate. To answer these questions, the low-copy-number reporter plasmid pMF18 carrying an in-frame fdxD-lacZ fusion was constructed and introduced into the R. capsulatus wild-type strain B10S (see Materials and Methods).
To test oxygen control of fdxD expression, the fdxD-lacZ reporter strain B10S(pMF18) was grown with different O 2 concentrations in the gas phase ( Fig. 2A) . As expected, fdxD was strongly expressed at high oxygen concentrations, which is a prerequisite for the growth-promoting role of FdxD in nitrogen fixation at O 2 concentrations up to 15% (Fig. 1B) . Expression of fdxD increased with decreasing O 2 concentrations, and maximal expression was observed under strict anaerobic conditions, suggesting a role for FdxD under microaerobic and anaerobic conditions, as well.
To examine fdxD expression under nitrogen-replete conditions, the fdxD-lacZ reporter strain B10S(pMF18) was grown in the presence of 10 mM ammonium (Fig. 2B) . In contrast to serinegrown cultures ( Fig. 2A) , fdxD expression was strongly inhibited in ammonium-grown cultures, as previously described for the structural genes of Mo-nitrogenase, nifHDK, and other nitrogen fixation genes (12, 13) . In line with these findings, Northern analyses identified fdxD transcripts in nitrogenase-derepressed but not in ammonium-grown cultures (29) . Ammonium inhibition of fdxD was not relieved by molybdate (Fig. 2B) , which clearly enhanced fdxD expression under nitrogenase-derepressed conditions (see below). Thus, molybdenum control is subordinate to nitrogen control.
To test fdxD expression in response to molybdenum, the fdxDlacZ reporter strain B10S(pMF18) was grown in the presence of different molybdate concentrations (Fig. 2C) . Expression of fdxD increased gradually with increasing molybdate concentrations. This finding is consistent with the observation that FdxD is beneficial for diazotrophic growth dependent on Mo-nitrogenase (Fig.  1B) but does not promote the molybdate-repressed Fe-nitrogenase system (Fig. 1D) .
Limitation of molybdate uptake reduces fdxD expression. R. capsulatus imports molybdate by the ModABC and PerO transporters, which act in different molybdate concentration ranges (20, 26, 30) . A ⌬modABC strain lacking the high-affinity transporter is severely limited in molybdate uptake at nanomolar, but not at micromolar, ranges. Consequently, a ⌬modABC strain requires much higher molybdate concentrations for Mo-nitrogenase activity than the wild type. Here, we investigated the role of ModABC in Mo induction of fdxD. Consistent with Modependent regulation (Fig. 2C and 3A) , fdxD expression in the ⌬modABC strain was much lower than in the wild type at nanomolar molybdate concentrations, while expression levels were comparably high in both strains at micromolar molybdate concentrations (Fig. 3B) .
To address whether FdxD protein levels also responded to the cellular molybdenum status, Western analyses using FdxD-specific antisera were carried out. In the wild type, FdxD levels increased gradually with increasing molybdate concentrations (Fig.  3D) . Molybdate dependence of FdxD accumulation was especially obvious in the ⌬modABC strain (Fig. 3E) . Taken together, the FdxD protein levels in the wild-type and ⌬modABC strains grown at different molybdate concentrations reflected the patterns of fdxD expression. The molybdate-sensing regulators MopA and MopB do not control fdxD expression. All molybdate-regulated R. capsulatus genes described to date are under the control of the molybdatesensing regulators MopA and MopB (20) . To test whether this also holds true for the fdxD gene, fdxD-lacZ expression was examined in a ⌬mopAB mutant strain lacking both regulators (Fig. 4B) . As in the wild type, fdxD expression in the ⌬mopAB strain was still induced by molybdate, indicating that neither MopA nor MopB was involved in fdxD regulation. Thus, induction of fdxD by molybdenum is controlled by a different and still unidentified mechanism.
The fdxD gene is coregulated with the Mo-nitrogenase genes. The fdxD promoter contains a predicted binding site for the alternative sigma factor RpoN, which is essential for expression of nifHDK and other nitrogen fixation genes (17, 18, 29) . To examine the role of RpoN in fdxD expression, a ⌬rpoN strain carrying the reporter plasmid pMF18 (fdxD-lacZ) was grown under nitrogenase-derepressing conditions (with serine as the nitrogen source). Expression of fdxD was completely abolished in the ⌬rpoN strain, indicating that fdxD transcription strictly requires RpoN (Fig. 4A  and C) .
All RpoN-dependent R. capsulatus promoters analyzed to date are transcriptionally activated by the nitrogen fixation-specific regulators NifA1, NifA2, and AnfA (17) (18) (19) 31) . To clarify the roles of these activators in fdxD regulation, expression of fdxD was examined in appropriate mutant strains lacking the regulators.
The pattern of fdxD expression at different molybdate concentrations in a ⌬anfA strain was highly similar to that of the wildtype strain, demonstrating that AnfA is dispensable for fdxD expression (Fig. 4D) . This observation is in line with the finding that fdxD expression is not controlled by MopA or MopB, both of which repress anfA transcription under molybdate-replete conditions (Fig. 4B) (16, 20) . Disruption of either nifA1 or nifA2 clearly reduced fdxD expression, while no expression at all was observed in a nifA1-nifA2 double mutant, suggesting that NifA1 and NifA2 substitute for each other in regard to fdxD activation (Fig. 4E, F, and  G) . In contrast to other NifA-activated promoters in R. capsulatus, the fdxD promoter lacks a canonical NifA-binding site (TGT-N 10 -ACA) (29, 32) . It is unclear whether NifA1 and NifA2 bind an upstream activator sequence (UAS) greatly differing from the consensus or if a UAS located at a great distance from the RpoN binding site is used. Examples of both scenarios have been described for nitrogen fixation promoters in Klebsiella pneumoniae and Sinorhizobium (formerly Rhizobium) meliloti (33, 34) .
Expression of rpoN, nifA1, and nifA2 strictly depends on NtrC (35, 36) . As expected from our fdxD expression studies in strains lacking RpoN or NifA, expression of fdxD was completely abolished in a ⌬ntrC mutant (Fig. 2H) demonstrating that fdxD belongs to the NtrC regulon (for a regulatory model, see below).
Synthesis of Mo-nitrogenase is induced by molybdate. Expression of fdxD required the same regulators as the structural genes of Mo-nitrogenase, nifHDK (Fig. 4) (28) , indicating that the fdxD and nifHDK genes are coregulated in response to the cellular nitrogen status. To clarify whether nifHDK expression was also induced by molybdate, as shown for fdxD (Fig. 2C and 3A and B) , the low-copy-number reporter plasmid pPHU266 carrying an inframe nifH-lacZ fusion was introduced into the ⌬modABC mutant lacking the high-affinity molybdate uptake system. Expression of nifH was slightly but reproducibly induced by molybdate (Fig. 3C) . In addition, NifH protein levels were also induced by molybdate, as shown by Western analysis using NifH-specific antisera (Fig. 3F) . (fdxD-lacZ) were grown under phototrophic conditions in RCV minimal medium with 10 mM serine and the indicated molybdate concentrations. The strains used were the wild type (B10S), ⌬mopAB (R423C), ⌬rpoN (YP201), ⌬anfA (KS94A), ⌬nifA1 (YP203), ⌬nifA2 (YP202), ⌬nifA1-⌬nifA2 (YP202-YP203), and ⌬ntrC (PBK2). Data for the wild type are the same as for Fig. 3 . LacZ (␤-galactosidase) activity is given in Miller units (27) . The results represent the means and standard deviations of at least three measurements.
DISCUSSION
The presence of oxygen presents a serious threat to biological nitrogen fixation, and diazotrophic bacteria have established various strategies to protect the nitrogenase enzyme from oxygenmediated damage. This is the first report presenting in vivo evidence that an FeSII-like ferredoxin, FdxD, promotes nitrogen fixation in the presence of oxygen (Fig. 1) . In contrast to the R. capsulatus ⌬fdxD strain, an A. vinelandii fesII mutant grows diazotrophically in air as well as the wild type (10) . An A. vinelandii cydAB mutant lacking cytochrome bd oxidase, however, is no longer able to fix nitrogen in air, suggesting that "respiratory protection" is the major mechanism protecting Mo-nitrogenase against oxygen (9, 10) . Like FdxD, CydAB is also beneficial for diazotrophic growth in R. capsulatus (Fig. 1) . Compared to A. vinelandii, however, CydAB-mediated respiratory protection appears to be less important in R. capsulatus. These differences might be explained by differences in life style. A. vinelandii strictly depends on aerobic respiration, while R. capsulatus performs aerobic respiration at high oxygen tensions but produces ATP through photosynthesis at low oxygen concentrations (37) . Phototrophic (anaerobic) growth is most favorable for nitrogen fixation, since oxygen inactivation of nitrogenase is minimized and photosynthesis fulfills the very high ATP requirement of the process.
Genes highly similar to fdxD are widely distributed in diazotrophic alpha-, beta-, and gammaproteobacteria (Table 2) . In many species, the fdxD-like genes are flanked by nitrogen fixation genes. In bacteria, products of physically linked genes are often involved in the same pathway, suggesting that the fdxD homologs are involved in nitrogen fixation and probably, like R. capsulatus fdxD, promote diazotrophic growth in the presence of oxygen. The location of an fdxD-like gene distant from nitrogen fixation genes, however, does not necessarily exclude its involvement in nitrogen fixation. The A. vinelandii fesII gene, which clearly mediates nitrogenase protection, is not linked to nitrogen fixation genes (10) .
R. capsulatus FdxD and A. vinelandii FeSII are plant-type ferredoxins coordinating 2Fe2S clusters by highly conserved cysteine residues (38, 39) . Unlike R. capsulatus FdxN and other ferredoxins, FdxD and FeSII are unable to serve as electron donors for nitrogenase due to their relatively high redox potentials (38) (39) (40) . FeSII of A. vinelandii and G. diazotrophicus interact noncovalently with Mo-nitrogenase, thus mediating conformational protection against oxygen (10, 11) . Since R. capsulatus FdxD is highly similar to A. vinelandii FeSII (50% identity; 69% similarity), it is tempting to speculate that FdxD also mediates conformational protection of Mo-nitrogenase by noncovalent interaction. FdxD-promoted Mo-nitrogenase-dependent growth (Fig. 1B) in the presence of high O 2 concentrations strongly suggests that this is indeed the case and that FdxD specifically protects the Mo-but not the Fenitrogenase (Fig. 1D) .
Expression of fdxD exclusively under Mo-nitrogenase-derepressing conditions ( Fig. 2 and 4) suggests that FdxD is highly specific for nitrogen fixation. In contrast, fesII expression in A. vinelandii is not restricted to nitrogen-fixing conditions but also occurs in the presence of ammonium (10) . One might ask whether FeSII, in addition to its role in nitrogenase protection, has another function under nitrogenase-repressing conditions, possibly as an electron donor for a yet unknown enzyme.
In this study, we provide strong evidence that the fdxD gene is coexpressed with the structural genes of Mo-nitrogenase, nifHDK, in response to the cellular nitrogen and molybdenum status. Our current model depicting regulation of nitrogen fixation genes, including fdxD, is shown in Fig. 5 . Under nitrogen-starved (nitrogenase-derepressing) conditions, NtrC activates the transcription of nifA1, nifA2, mopA-modABC, and anfA (13) (14) (15) (16) . In contrast to nifA1 and nifA2, transcription of the mopA-modABC and anfA genes is strictly repressed by molybdate (16, 20) . NifA1 and NifA2 functionally substitute for each other in activation of nifHDK, nifU2-rpoN, and fdxD, while AnfA activates transcription of anfHDGK and nifU2-rpoN, but not fdxD (references 15, 19 , and 41 and this study). Similar to fdxD, expression of nifH is enhanced by molybdate (Fig. 3) . As shown above for fdxD, expression of nifHDK does not depend on MopA or MopB (30) . At present, it remains unknown whether molybdate induction of fdxD and nifHDK involves the same regulatory mechanism.
In conclusion, the presence of fdxD-like genes in a great variety of nitrogen-fixing proteobacteria suggests that FdxD/FeSII-mediated protection of nitrogenase against oxygen is a common mechanism that deserves further study. In addition, some FeSII proteins may have yet unrecognized functions beyond nitrogenase protection, as implied by expression of A. vinelandii fesII under nitrogenase-repressing conditions.
